White matter disease afflicts both developing and mature central nervous systems. Both cell intrinsic and extrinsic dysregulation result in profound changes in cell survival, axonal metabolism and functional performance. Experimental models of developmental white matter (WM) injury and demyelination have not only delineated mechanisms of signaling and inflammation, but have also paved the way for the discovery of pharmacological approaches to intervention. These reagents have been shown to enhance protection of the mature oligodendrocyte cell, accelerate progenitor cell recruitment and/or differentiation, or attenuate pathological stimuli arising from the inflammatory response to injury. Here we highlight reports of studies in the CNS in which compounds, namely peptides, hormones, and small molecule agonists/antagonists, have been used in experimental animal models of demyelination and neonatal brain injury that affect aspects of excitotoxicity, oligodendrocyte development and survival, and progenitor cell function, and which have been demonstrated to attenuate damage and improve WM protection in experimental models of injury. The molecular targets of these agents include growth factor and neurotransmitter receptors, morphogens and their signaling components, nuclear receptors, as well as the processes of iron transport and actin binding. By surveying the current evidence in non-immune targets of both the immature and mature WM, we aim to better understand pharmacological approaches modulating endogenous oligodendroglia that show potential for success in the contexts of developmental and adult WM pathology.
Introduction
Oligodendrocytes have essential roles in the function of a healthy nervous system. They are, however, also among the most vulnerable of neural cell types in the CNS, and as a result, central myelin abnormalities are found in a wide variety of neurological disorders. White matter pathologies are found in many neurologic diseases, including genetic leukodystrophies (Costello et al., 2009 ), brain injury (Kinnunen et al., 2011) , endocrine and metabolic abnormalities (Sievers et al., 2009; van der Werff et al., 2014) , and psychiatric (Ladouceur et al., 2012) and neurodegenerative conditions (Mascalchi, 2005) . These heterogeneous pathologies range from abnormal myelin structure to the virtual absence of myelin, and can arise directly from lack of myelin production or indirectly from damage to myelin. In white matter pathologies, insults such as oxidative stress, mechanical injury and inflammation ultimately lead to the degenerative loss of myelin (demyelination) or inadequate or abnormal formation of myelin (hypomyelination/dysmyelination). Primary mechanisms of myelin damage include Abbreviations: CNS, Central nervous system; WM, white matter; OPC, oligodendrocyte progenitor cell; OL, oligodendrocyte; SVZ, subventricular zone; EAE, experimental autoimmune encephalitis bromodeoxyuridine; BrdU, bromodeoxyuridine; i.p., intraperitoneal; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; MAG, myelin associated glycoprotein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid protein; CNP, 2 0 ,3 0 -cyclic nucleotide 3 0 -phosphodiesterase; APC, adenomatous polypolysis coli; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-D-aspartic acid; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione; PDGF, platelet derived growth factor; bFGF, basic fibroblast growth factor; NT-3, neurotrophin-3; BDNF, brain derived neurotrophic factor; IGF, insulin-like growth factor; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; RXR, retinoid X receptor; RAR, retinoic acid receptor; THR, thyroid hormone receptor; PKB, protein kinase B; MAPK, mitogen-activated protein kinase; SHH, Sonic Hedgehog; BMP, bone morphogenetic protein.
destruction of the myelin sheath and oligodendrocyte (OL) death (Merrill and Scolding, 1999) , failure of progenitor cell recruitment and/or differentiation during remyelination (Kremer et al., 2015; Shi et al., 2015) , or in the case of neonates, delayed OPC maturation and defective ensheathment of myelinated axons (Jablonska et al., 2012; Ritter et al., 2013; Scafidi et al., 2014) . As WM supports multiple axonal functions besides saltatory conduction, WM injury invariably leads to, or is associated with, devastating neurological disabilities, including motor and cognitive impairment.
In the adult CNS, approaches to intervention and protection against demyelination include attenuation of immune-mediated, excitotoxic and oxidative stress-mediated damage, as well as cell engraftment, direct protection of endogenous OLs and enhancement of repair by oligodendrocyte progenitor cells (OPCs) . The success of cell replacement therapy is dictated by the lesion environment (Blakemore et al., 2002) therefore an understanding of the multitude of factors in remyelination failure is needed, not only for success of the graft, but also for stimulating repair by endogenous progenitor cells.
In the developing brain, perinatal WM damage, for which there is currently no cure, constitutes an important component of injury to the cerebrum that includes neurons and axons. Many of these insults occur in utero, as a consequence of preterm birth, or with complications of delivery (Silbereis et al., 2010) . With improved antenatal care, the incidence of tissue degeneration from cystic lesions of the WM has declined, whereas the predominant lesion has now become more diffuse (Silbereis et al., 2010) . As with the adult, the mechanisms which result in injury may also be excitotoxic, inflammatory and oxidative (Van Steenwinckel et al., 2014) , and may either impact OLs directly, their synapses with axons (Shen et al., 2012) , or other cells such as microglia and astrocytes .
This article aims to review pharmacological approaches to attenuate WM damage through efforts to promote remyelination in the adult, and reduce or prevent developmental delay in the neonate. Neuroprotection will not only help to preserve saltatory axonal conduction, but also aid in the maintenance of axonal metabolism and integrity, thus improving overall connectivity. Interestingly, white matter integrity and connectivity are impacted in conditions besides primary demyelinating disease, such as psychiatric and neurodegenerative disorders (Mascalchi, 2005) . Since anti-psychotic and anti-depressant therapies have been found to additionally attenuate myelin damage, targeted approaches for promoting or preserving myelination in a wide variety of neurological conditions would be justified (Bartzokis, 2012) . Many neurological diseases are strongly associated with inflammation. Not surprisingly, some therapeutic reagents which have been found to protect the OL cell from damage have been shown to possess immunomodulatory properties. However, as continuous oligodendrogenesis is now considered a central component of brain plasticity and remodeling throughout life (Young et al., 2013) , we have chosen an emphasis on nonimmune therapeutic targets employed to improve myelination and remyelination by endogenous OPCs. By reviewing reports of pharmacological intervention in experimental models of demyelination and hypomyelination/dysmyelination, we hope to identify overlapping mechanisms that show the potential to benefit neonatal and adult WM pathologies.
Animal models of WM damage
Experimental models of adult WM damage involve viral, chemical, and immune-mediated demyelination paradigms, as well as spinal cord injury. These systems are well described in laboratory rodents (Tanaka and Yoshida, 2014) . Briefly, gliotoxic chemicals that are injected into the WM to generate localized lesions include ethidium bromide that kills OLs by intercalating into the minor groove of DNA, and lysolecithin/lysophosphatidylcholine (Hall, 1972) which specifically disrupts myelin sheaths. Cuprizone (biscyclohexanone-oxaldihydrazone), a copper chelator that causes OL apoptosis by impairing metabolic function and inhibiting cellular support of myelin, is administered via the diet. It causes diffuse demyelination that is most notable in, but not restricted to (Skripuletz et al., 2008) , WM regions (Matsushima and Morell, 2001) . Remyelination is initiated by resuming a cuprizone-free diet for 2 weeks. None of these toxin-based methods of demyelination mimics the dynamics and pathogenesis of human disease, but they are useful to understand many aspects of damage and remyelination, such as preferential vulnerability of myelin without significant axonal loss, properties of the cellular response in recovery, the biological factors regulating these processes, and therapeutic regimens that improve cellular repair. The focal lesion provides rapid (48 h) demyelination that is circumscribed, so that secondary inflammation (Hall, 1972; Miron et al., 2013) and directed progenitor recruitment may be studied, using the lesion as an endpoint destination (Jablonska et al., 2010) . In addition, unilateral lesions allow internally controlled sampling . However practical considerations of consistency in lesion size and location, applicable to quantitative analysis by histological and biochemical methods, add to the technical demands of this approach. These models are most valuable to study cellular responses during remyelination after myelin loss and injury, but because they lack the autoimmune component of MS, cannot be considered ideal animal models of MS. The interested reader is referred to comprehensive chapters and articles that further discuss MS models (Croxford et al., 2011; Merrill, 2009; Ransohoff, 2012) .
Diffuse demyelination is also observed in an immune-mediated model, experimental autoimmune encephalitis, or EAE. EAE has remained the most influential in our understanding of inflammatory demyelination (Robinson et al., 2014) . EAE may be produced in both mice and rats, and can be generated by 1) immunization with WM tissue homogenate, or 2) immunization with MBP or MOG. A third method, the adoptive transfer of T cells isolated from myelin peptide primed animals, allows the selection or in vitro manipulation of T cells before transfer to naive recipients to produce EAE (Robinson et al., 2014) . Another inflammatory model of demyelination utilizes viruses e Theiler's murine encephalomyelitis virus (TMEV), or neurotrophic variants of the mouse hepatitis virus (MHV) e that stimulate the activity of T cells to induce chronic demyelination (Lane and Buchmeier, 1997; Templeton and Perlman, 2007) . Immune mediators secreted by T cells and macrophages/microglia have been suggested to contribute to virallyinduced demyelination due to dysregulation or death of oligodendrocyte lineage cells (Marro et al., 2014) . These models are often considered alongside autoimmune-based models such as EAE, as they are useful for the characterization of infectious events leading to CNS immune responses (Baker and Amor, 2015; Fazakerley and Walker, 2003) . Although EAE is powerful and remains the most commonly used MS model, it is recognized that its limitations for MS therapy (Constantinescu et al., 2011) stem from a dependence on the artificial induction of the immune response (Mecha et al., 2013) , unreliable predictability of treatments, a spinal cord preference over brain lesions, difficulty in analyzing remyelination of stochastic lesions and inconsistency of clinical functional progression (Ransohoff, 2012) . On the other hand, proponents of viral models of demyelination note an inside-out axon-first degeneration, the presence of brain demyelination and progressive disease with viral spread (Mecha et al., 2013) . Given the heterogeneity of the disease, it is still useful to continue to identify diseasemodifying treatments for MS with both of these demyelination models.
Spinal cord contusion injury as well as traumatic brain injury are associated with demyelination (Chao et al., 2012; McDonald and Belegu, 2006) . Similarly, demyelination is also observed secondary to hypoxic-ischemic damage in stroke models (Mifsud et al., 2014; Skoff et al., 2001) . The neonatal WM is particularly vulnerable to damage from oxidative stress-and inflammation-mediated brain injury in neurodevelopmental disease of the preterm infant (Silbereis et al., 2010) . Cerebral white matter injury is a major form of brain injury found in survivors of premature birth (Volpe, 2009) , which places these survivors at high risk of long-term neurological deficit (Hack et al., 2000; Wilson-Costello et al., 2005) . Experimental white matter lesions are reproduced in the developing brain using ventricular hemorrhage (Chua et al., 2009; Ment et al., 2005 Ment et al., , 2000 Vose et al., 2013) , prenatal infection and inflammation, reviewed in Chew et al. (2013) , neonatal hypoxiaeischemia, or chronic hypoxia, reviewed in Scafidi et al. (2009) . Perinatal hypoxic-ischemia and chronic hypoxia in rodent models, may be distinct in mechanism (Busl and Greer, 2010) , but together mimic many aspects of pathogenesis in the brain found in premature infants, which include apoptosis of neuronal and glial progenitors and an inflammatory response (Scafidi et al., 2009 ). Oligodendrocytes are more vulnerable than other glia to ischemia in culture, mimicked by glucose-oxygen deprivation (Lyons and Kettenmann, 1998) . In vivo, oligodendrocytes are as vulnerable as neurons to ischemia (Pantoni et al., 1996) . OL lineage cells are especially susceptible to oxidative stress from free radical mediated injury (Fragoso et al., 2004) . In addition, excitotoxicity is an important factor (Back and Rosenberg, 2014) in the death of pre-OL-stage cells in vivo from hypoxiaeischemia, leading to an inability of the lineage to progress to maturity (Back et al., 2001) . In studies of experimental therapeutics, various perinatal animal models have been used to test the effect of growth factors on ameliorating WM damage. Expression changes for several growth factors including bFGF, EGF, IGF, and BDNF have been detected in hypoxic rodent models (Dieni and Rees, 2005; Scafidi et al., 2009 ) and several therapeutic strategies include administration of these and other growth factors.
Spontaneous repair in demyelinating disease occurs via reactivation of the process of OL development from neural stem cells, such as those from the subventricular regions of the brain, the SVZ, which gives rise to OL progenitor cells (OPCs). These OPCs, marked by the NG2 antigen and PDGFRa expression, proliferate and migrate to the lesion to differentiate into O4þ premyelinating OLs and then into mature myelinating O1þ OLs with elaborate processes and which express CC1/APC, 2 0 3 0 -cyclic nucleotide 3 0 -phosphodiesterase (CNP), proteolipid protein (PLP) and myelin basic protein (MBP), myelin associated glycoprotein (MAG). Expression of the transcription factor Olig2 extends from OPC through myelinating OL, allowing immunohistochemical analysis of overall changes in the oligodendroglial lineage during the course of injury and repair. In rodents, spontaneous remyelination is highly robust and efficient, proceeding to virtual completion in a few weeks (Armstrong et al., 2002; Blakemore, 1974; Ludwin, 1978) . These experimental models are useful for testing pharmacological agents that potentially inhibit or enhance myelin repair. In human disease, inhibited, abortive or abnormal development of the OPC such as that in cerebral palsy (Back and Miller, 2014) and multiple sclerosis (Kipp et al., 2012b; Kuhlmann et al., 2008) , is believed to contribute to the failure of repair and progression of pathology.
Strategies for improving protection and repair

Protecting the CNS from further damage
Pharmaceuticals which protect OLs from death were initially identified by their immunomodulatory or neuroprotective properties. Although many brain pathologies benefit from immunomodulation, complete inhibition of immune activation is detrimental, particularly in the neonate, as many aspects of cytokine function are inextricably associated with growth properties of progenitor cells. Synergy between immune cells and adult neural stem/progenitor cells has been shown to promote functional recovery from spinal cord injury (Ziv et al., 2006) . Antenatal administration of the steroidal glucocorticoid dexamethasone to protect respiratory function is another case in point (see below). Other studies have shown that genetic ablation of the proinflammatory cytokine interleukin 1 beta (IL-1b) not only did not affect the severity of cuprizone-induced demyelination in the adult WM, but instead led to inadequate remyelination because of an unexpected function of IL-1b in IGF-1 expression (Arnett et al., 2001; Mason et al., 2003) . Interferon-gamma also possesses normal physiological function in supporting the growth of neural progenitor cells (Li et al., 2010) . Immune modulation alone, which is currently the approach with many drugs for multiple sclerosis, has initially suffered from lack of specificity. Improvement has since been achieved with increased ability to specifically target the pathologic component of the adaptive response, or efforts to increase immune tolerance to autoimmune epitopes (Getts et al., 2012) . Studies with EAE have also shown that autoimmune tolerance is not completely effective against inhibiting disease progression (Pryce et al., 2005) , supporting therapeutic strategies for combinatorial treatments in multiple sclerosis that target more than immune component alone.
Reagents such as minocycline (Fan et al., 2005) , ethyl pyruvate (Wang et al., 2013) and even caffeine, as adenosine receptor modulators, have been shown to be protective against lipopolysaccharide-and hyperoxia (Schmitz et al., 2014 )-induced perinatal WM injury. Many anti-inflammatory agents have been effective in the perinatal brain (reviewed in Ofek-Shlomai (Ofek-Shlomai and Berger, 2014) ). These have also been effective against inflammation associated with adult traumatic brain injury (Abdel Baki et al., 2010; Moro and Sutton, 2010) and tissue damage from lipopolysaccharide (Brothers et al., 2010) . These agents attenuated cell death and loss of O4þ and O1þ OLs, accompanied by suppression of inflammatory responses. However, minocycline was found to reduce remyelination in the cuprizone demyelination paradigm (Tanaka et al., 2013) , because microglial-derived ciliary neurotrophic factor (CNTF), which promotes remyelination, was also suppressed. This further exemplifies the need for caution with some anti-inflammatory approaches.
Nitric oxide is an important regulator of cerebral blood flow (Toda et al., 2009 ) and inflammation (Blomgren and Hagberg, 2006) . Inhaled nitric oxide is being considered as a therapeutic target in neonatal brain injury (Charriaut-Marlangue et al., 2013) . Although not shown to be effective in directly promoting cellular regeneration, beneficial effects on neurological outcome in premature infants have been reported (Mestan et al., 2005; Walsh et al., 2010) , including WM sparing (Pansiot et al., 2010; Pham et al., 2014) in rodent models of hyperoxia- (Schmitz et al., 2011) and glutamate-induced toxicity (Pansiot et al., 2010) , indicating a primarily protective effect. However, due to concerns of side effects in both adults and neonates, the experimental data showing consistent benefit presently appears inadequate to support recommendation for clinical testing.
Repairing damage by exploiting the regenerative potential of progenitor cells
Cell grafts with stem cells and precursors are an important avenue for therapy in demyelinating disease (Karimi-Abdolrezaee et al., 2006) , and neonatal stroke injury (van Velthoven et al., 2013) , with the goal of cell replacement (Sher et al., 2008) and attenuation of damage. In the case of autoimmune demyelination, mesenchymal stem cell transplantation lowers self-reactivity, reducing damage primarily through bystander effects on the immune response (Payne et al., 2013) , and not necessarily involving high efficiency cell regeneration or circuit restoration (Uccelli and Mancardi, 2010) . However, intranasal mesenchymal stem cell delivery in perinatal hypoxiaeischemia has additionally been shown to improve regeneration and cortical rewiring (van Velthoven et al., 2012) . This difference argues for a need to better understand neural cell interactions with the lesion environment (Laterza et al., 2013; Lisak et al., 2006) . It is becoming more widely accepted that stem and progenitor cells provide immunomodulatory and neuroprotective benefits through the secretion of growth factors, chemokines, cytokines and stem cell regulators and guidance molecules, and the function of the stem cell secretome in therapeutic support and cellular plasticity has been the subject of recent review articles (Cossetti et al., 2012; De Feo et al., 2012; Drago et al., 2013) . Therapeutic potential using stem/progenitor cells can be further enhanced with genetic modification. Transplantation of human umbilical mesenchymal stromal cells, genetically modified to express neurotrophin-3 (NT-3, see Section 2.2.2 GROWTH FAC-TORS), promoted greater myelin sparing and functional recovery compared to unmodified cells in a rat spinal cord compression injury model (Shang et al., 2011) .
Intercellular and autocrine signaling interactions form the underlying basis of repair mechanisms. While neurotrophic factors such as brain-derived neurotrophic factor (BDNF), have been tested as treatment for cell survival and axon growth in injury (Jain et al., 2011; Lopatina et al., 2011; Shu et al., 2013) , there are relatively fewer reports of WM regeneration by pharmacological intervention, including growth factors, in adult and neonatal injury models. To address pharmacological treatment options in WM injury, we performed a survey of reports that describe pharmacological signaling modulators which have demonstrated effects in neonatal and adult models of WM injury. These studies, described in the sections below and summarized in Table 1 , generally employed the delivery of pharmacological agents either through systemic administration or direct injection into brain tissue or ventricles using stereotaxic methods. To understand additional neuroprotective effects of each agent, we have also included in this summary, where applicable, reports of the same pharmacological agent in brain injury models in which the analysis of WM OLs was not the primary objective of the studies (Table 1) .
Glutamate and purinergic receptor modulation
White matter pathology frequently involves the disruption of axons or axonal function, leading to excessive neurotransmitter signaling when axonal transport mechanisms are impaired (Bakiri et al., 2009) . A variety of neurotransmitter receptors are expressed in oligodendrocytes and their progenitors (Butt, 2006; Butt et al., 2014) . Adenosine, P2X7 and P2Y metabotropic receptors (Fields and Burnstock, 2006) , NMDA (De Biase et al., 2011; Li et al., 2013a) and AMPA (Zonouzi et al., 2011) receptors are expressed on OPCs. Glutamate receptor activation is known to inhibit OPC proliferation and lineage progression in vitro (Gallo et al., 1996; Yuan et al., 1998) or induce cellular toxicity in OPCs (Liu et al., 2002) . In injury models, excitotoxicity due to elevated glutamate or ATP causes structural and functional damage to WM.
The sustained activation of ATP, AMPA, kainate and NMDA glutamate receptors causes OL death and myelin destruction through mitochondrial calcium influx (Matute, 2010; Tang and Xing, 2013) . Oligodendroglia express P2X and P2Y purinergic receptors which serve as mediators of axo-oligodendroglial communication during myelination. However, EAE mechanisms involve ATP excitotoxicity, which can be mitigated by P2X7 receptor blockade (Matute et al., 2007) . In addition to direct receptor-mediated death of OLs, the damage by ATP signaling through glial purinergic P2X and P2Y receptors involves neuroinflammatory cascades and subsequent exacerbation of degeneration (Matute et al., 2007) . Intracerebral NMDA injection into the corpus callosum in the neonate generates WM lesions by excitotoxicity (Espinosa-Jeffrey et al., 2013) . Perinatal injury and adult inflammatory demyelination models have been shown to benefit from blocking these receptors. NBQX, an AMPA receptor antagonist, was protective in neonatal mouse models of hypoxia/ischemia-mediated WM loss (Follett et al., 2004 (Follett et al., , 2000 Shen et al., 2012) and in EAE demyelination (Kanwar et al., 2004; Pitt et al., 2000) . Improved clinical score was observed in chronic EAE, using brilliant blue G to block P2X7 receptors (Matute et al., 2007) . However in perinatal ischemia, P2X7 receptor expression was decreased, so that the potential benefit of brilliant blue G in this ischemia model is unclear ). These studies thus indicate similar benefit in both age groups with NBQX, suggesting common mechanisms of WM damage involving AMPA receptor-mediated excitotoxity.
Growth factors 2.2.2.1. Epidermal growth factor (EGF)
. Therapeutic targets of EGF in adult WM brain injury models include the subventricular zone (SVZ), a region in the brain rich in multipotent adult stem cells that proliferate, differentiate and migrate. EGFRþ cells in the SVZ of adult mice reportedly correspond mostly to precursor cells (transitamplifying C cells) with potential to differentiate into neuroblasts, astrocytes, and OLs (Doetsch et al., 2002) . EGFR signaling has been found essential to promote OL development from the SVZ after demyelination . Intranasal heparin binding EGF administered in an adult mouse model of lysolecithcin-induced focal demyelination in the corpus callosum increased proliferation of SVZ cells and migration into the demyelinated corpus callosum. Additionally, EGF treatment increased the percentage of dividing astrocytes and OL lineage cells (BRDUþ/GFAPþ and BRDUþ OLIG2þ) in the demyelinated lesion compared to controls (Cantarella et al., 2008) . Consistent with this finding, EGF treatment was found to increase CNPaseþ cells derived from B1 cells (Type C precursors) in the SVZ and decrease lesion volume (Gonzalez-Perez et al., 2009) .
Virally induced overexpression of EGFR in WM glial progenitors in postnatal day 3 rats resulted in perpetual proliferation of OPCs but inhibition of OL maturation (Ivkovic et al., 2008) . In contrast, intranasal heparin binding EGF treatment immediately after perinatal chronic hypoxia in mice (a model of very preterm brain injury) increased survival of OLs, NG2þ cell proliferation and differentiation to OL, as well as improved functional recovery (Scafidi et al., 2014) . It has been demonstrated that EGF promotes WM oligodendrogenesis by inhibiting Notch activation in Olig2þ cells after hypoxia, relieving the hypoxia-induced inhibition of OL maturation (Scafidi et al., 2014) .
Fibroblast growth factor (FGF).
Basic fibroblast growth factor (FGF-2/bFGF) is up-regulated in spinal cord injury, corresponding to the time of active OPC proliferation (Tripathi and McTigue, 2008; Zai et al., 2005) . bFGF in perinatal and adult models of CNS injury promotes proliferation of progenitor cells, but is known to inhibit terminal differentiation of OL in vivo. IGF-1 Intranasal doses after injury P7 Neonatal rat Hypoxiaeischemia Akt activation; Decreased caspase 3 mediated apoptosis; Increased proliferation of neuronal and OPCs Reduced brain injury and Improved neurobehavioral outcomes (Lin et al., 2009) IGF-1 subcutaneous injection after hypoxiaeischemia P7 Neonatal Hypoxiaeischemia Prevents apoptosis, improved long-term memory and cognitive behavior (Zhong et al., 2009) 
Neurotrophic factors
Neurotrophin-3 (NT-3) Focal LPC demyelination model (Jean et al., 2003) (continued on next page) Intraventricular infusion with bFGF in postnatal day 3 rats after hypoxic ischemia increased cell division in the SVZ of Nestinþ, NeuNþ and NG2þ cells (Jin-qiao et al., 2009) . In adult rats, intracisternal injection of bFGF has been reported to improve axonal sprouting and functional recovery after cerebral infarction (Kawamata et al., 1997) . Although FGF2 has been found to elongate OL processes, it was found to down regulate myelin protein in postmitotic mature OLs. In fact, bFGF delivered into cerebrospinal fluid disrupts developmental myelination in neonates, causing OPC accumulation and eventually demyelination in the adult (Butt and Dinsdale, 2005a,b; Goddard et al., 2001) . bFGF inhibits remyelination through FGFR1, as its genetic ablation in OPCs improves the generation of OLs as well as sensorimotor coordination in a chronic cuprizone demyelination model (Mierzwa et al., 2013; Zhou et al., 2012) . Some of the pathological effects of high bFGF levels may be mediated by astrocytes and microglia, as raising bFGF in ventricular cerebrospinal fluid of neonatal rats led to astroglial and microglial reactivity (Goddard et al., 2002) . Despite its properties of neuroprotection (Aguilar et al., 1993; Kirschner et al., 1995) , based on its effects on glia, bFGF is considered a stem/progenitor cell activator whose downregulation benefits WM OL recovery.
2.2.2.3. Insulin-like growth factor. Insulin-like growth factor (IGF-1) regulates the survival (Ness et al., 2002 (Ness et al., , 2004 , proliferation (Min et al., 2012) and differentiation of cells of the OL lineage through its activation of mammalian target of rapamycin (mTOR) in the PI3K/Akt pathway (Tyler et al., 2009) . IGF-1 treatment has been shown to be beneficial in adult demyelinating models. IGF-1 overexpression in transgenic mice demyelinated with cuprizone were found to have increased OL cell survival and an increased remyelination rate (Mason et al., 2000) . Intraventricular infusion of IGF-1 increased Olig2þCC1þ cells in the corpus callosum after cuprizone induced demyelination (Sabo et al., 2013) . In contrast, injection of adenoviral vector to increase IGF-1 mRNA expression in a lysolethecin-induced demyelinated lesion in the spinal cord in 12 month aged rats did not promote remyelination, suggesting that the remyelinating cells responsible for IGF-1 improvements do not arise directly from the injury site (O'Leary et al., 2002) . Intravenous or subcutaneous IGF-1 treatment for acute EAE in rat, and chronic relapsing EAE in mouse improved clinical scores and decreased inflammatory lesions (Li et al., 1998; Liu et al., 1995) . However, while subcutaneous IGF-1 treatment during the acute phase of EAE transiently improved clinical scores and myelination at early time points, treatment during the chronic phase had no effect on clinical scores or on remyelination (Cannella et al., 2000) . Varied results may be attributed to the timing of treatment, the type of EAE model, and the presence of IGF binding proteins. While intraperitoneal injection of IGF-1 administered before symptom onset in an adoptive transfer murine model of EAE provided mild protection, IGF-1 combined with IGF binding protein 3 increased disease severity (Lovett-Racke et al., 1998) . Although IGF-1 and IGF-1R have been found in OLs associated with plaques in multiple sclerosis, the presence of IGF binding proteins have also been detected, with potential to inhibit myelin synthesis and thwart therapeutic efforts . Additionally, IGF-1 may also impact astrocytic response to injury. Studies with astrocytes cultured from Beta Adrenergic Receptor (B2AR) knockout mice suggest that IGF-1 regulates B2AR dependent cAMP signaling and therefore in multiple sclerosis lesions, where a deficiency of B2AR has been observed, the potential risk of IGF-mediated astrogliosis is increased .
IGF-1 has been found to promote OPC differentiation to mature OLs and subsequent OL survival in neonatal models. IGF-1 inhibition of caspase 3 and subsequent protection of neonatal rat prooligodendroblasts from glutamate-mediated apoptosis in vitro (Ness et al., 2004) has been substantiated in vivo. Intraventricular injections of IGF-1 in a neonatal rat hypoxia model (postnatal day 7) decreased caspase 3 and caspase 9 activation in the cerebral cortex and is associated with increased phosphorylated Akt and nuclear translocation of phosphorylated GSK3B (Brywe et al., 2005) . Furthermore, after hypoxia, IGF-1 increased OPC differentiation to mature OLs and inhibited caspase-3 to promote survival of OL lineage cells (Wood et al., 2007) . IGF-1 treatment after hypoxiaeischemia has also been found to improve long-term memory and cognitive behavior (Zhong et al., 2009 ).
Neurotrophins
2.2.3.1. Neurotrophin-3. Neurotrophin-3 (NT-3) activity, like IGF-1, has multiple effects on OL development. NT-3 promotes the survival and proliferation of OPCs, enhances OL differentiation (Barres et al., 1994b; Cohen et al., 1996; Kumar et al., 1998) and protects against glutamate excitotoxicity (Kavanaugh et al., 2000) . NT-3 signals through high affinity TrkC receptors on oligodendroglial cells (Kumar and de Vellis, 1996) . NT-3 initiates translation through ERK and PI3K/mTOR signaling and increases synthesis of MBP, MAG and MOG (Coelho et al., 2009 ). Additionally, NT-3 prevents oligodendrocyte apoptosis by a mechanism in which cAMP-response element binding protein (CREB) is phosphorylated to promote translocation of sphingosine kinase-1 to the cytoplasmic membrane to enhance activity of sphingosine-1-phosphate synthesis and the upregulation of Bcl-2 (Johnson et al., 2000; Saini et al., 2005 Saini et al., , 2004 . Oligodendrocyte lineage expression of sphingosine-1-phosphate receptor has been found to promote mature oligodendrocyte survival and progenitor cell process retraction (Jaillard et al., 2005) . Implications for the therapeutic potential of regulating sphingosine-1-phosphate synthesis are demonstrated by efficacy of FTY720 (Fingolimod), which acts as an agonist for sphingosine-1-phosphate receptor once phosphorylated in-vivo and is used as a treatment in multiple sclerosis (Coelho et al., 2007) . FTY720 has been found to protect oligodendrocyte progenitor cells from apoptosis via ERK1/2 and AKT pathways but inhibit oligodendrocyte differentiation, which however, could be overcome with concomitant NT-3 treatment to increase both oligodendrocyte survival and differentiation (Coelho et al., 2007) . The sphingosine-1-phosphate dependent ability of NT-3 to inhibit apoptosis and yet the potential for NT-3 to abrogate FTY720 mediated inhibition of oligodendrocyte progenitor differentiation suggest either the distinction between FTY720 and SIP receptor signaling, or the importance of two distinct pathways by which NT-3 may promote both survival and differentiation of oligodendrocyte progenitor cells. In contrast, Fingolomod treatment in the EAE mouse model activated the sonic hedgehog pathway and increased OPC proliferation and differentiation . Sphingosine-1-phosphate activity has been implicated, not only in crosstalk with NT-3, but also PDGF-AA (Coelho et al., 2010) . In the developing brain, neuropeptide Y was found to induce NT-3 in the neonatal cerebrum, accompanied by increased MBP expression (Hashimoto et al., 2011) , but because NT-3 remains untested in neonatal brain injury, the role of NT-3 in neonatal OL protection and recovery is presently unknown.
2.2.3.1.1. Multiple strategies for NT-3 delivery in adult injury models. Early studies have shown that transplanting fibroblasts secreting neurotrohic factors, BDNF and NT-3 demonstrated success in increasing oligodendrocyte proliferation and myelination in spinal cord contusion rat model (McTigue et al., 1998) , demonstrating the efficacy of neurotrophin administration in traumatic injury. Since then, more specific strategies, such as peptide injection, viral expression and stem cell therapy have been used to deliver NT-3 to demyelinating lesions. NT-3 was included in a combinatorial intracranial treatment which showed benefit in cuprizone-induced demyelination in adult mice. PDGF-AA, NT-3 and IGF-1 may all signal through Akt/PKB to inhibit apoptosis while IGF-1, bFGF and PDGF-AA may also serve as a mitogen to stimulate proliferation of OL lineage cells (Kumar et al., 2007) . Intracranial injection of PDGF-AA, bFGF, IGF-1 and NT3 increased OL lineage proliferation and migration to demyelinated regions and increased myelination (Kumar et al., 2007) .
NT-3 injected directly into the lysophosphatidylcholinedemyelinated corpus callosum of adult rats decreased lesion volume and increased MBPþ cell number at 15 days after injury, but not during the acute phase (day 3), and did not increase the number of GFAPþ cells (Jean et al., 2003) , suggesting direct effect on the oligodendroglial lineage. An alternative strategy to deliver NT-3 peptide includes implantation of mesenchymal stem cells transfected with adenoviral vector to overexpress NT-3 in ethidium bromide-induced demyelinated rat spinal cord . In contrast to peptide injection during the acute phase of a demyelinating spinal cord lesion (Jean et al., 2003) , NT-3 expressing mesenchymal stem cells injected 3 days post-injury were found to improve functional recovery, and increase MBP expression and remyelination .
Lentiviral delivery of NT-3 is another delivery strategy that has enhanced myelination and axon regeneration after spinal cord injury (Hou et al., 2012; Thomas et al., 2014) . Different milieus established from various injury models and differences between species make direct comparison of treatment paradigms complicated. However, lentiviral delivery of NT-3 demonstrates efficacy in both acute and chronic phase of spinal cord injury, albeit in different models. Lentiviral delivery of NT-3 from support bridges 8 weeks after T9eT10 spinal cord injury in mice increased expression of nuclear Olig2þ in SOX2þ cells, (indicative of OL lineage), GFAPþ astrocytes, and yielded a 6 fold increase of myelinated axons extending into the middle of the bridge compared to controls, although Schwann cells contributed to the increased myelination of axons (Thomas et al., 2014) . While this model demonstrates efficacy of using lentiviral expression of NT-3 during the acute phase of spinal cord injury, transplantation of lentiviral transduced neural progenitor cells secreting NT-3/D15A, a modified human NT-3 capable of activating TrkB and TrkC receptors, differentiated into astrocytes and oligodendrocytes and increased the volume of spared myelin during the chronic phase of a T9 compression spinal cord injury in rat when transplanted 6 weeks after injury (Kusano et al., 2010) . Lentiviral transduction of bone marrow-derived neural stem cells is another therapeutic strategy combining the benefit of NSC transplant with NT-3 production, from a more easily accessible stem cell source. Bone marrow-derived neural stem cells transduced with NT-3 increased differentiation of oligodendrocytes and myelination, and decreased astrogliosis and inflammation when injected into a murine EAE model, compared to bone marrow-derived neural stem cells not expressing NT-3 .
In summary, NT-3 signaling, which activates ERK and PI3K/ mTOR pathways, engages in crosstalk signaling with sphingosine-1-phosphate, and promotes oligodendrocyte survival, differentiation and potentially even immunomodulatory effects. Direct comparisons of NT-3 efficacy between injury models cannot be made due to intrinsic differences, but it is apparent that the benefits of NT-3 delivery, particularly using transduction of NT-3 into neural stem cells, combines the benefits derived from NT-3 administration and neural stem cell transplant, promoting increased myelination and decreased inflammation.
Brain-derived neurotrophic factor (BDNF)
. BDNF functions in the survival and development of neurons and glia in the CNS (Chao, 2003) , operating primarily through region-specific expression of Trk receptors in oligodendroglia (Du et al., 2003) . In the rat spinal cord, over 80% TrkB-expressing cells co-express CC1, indicating differentiated OLs. A small OPC pool also show TrkB immunoreactivity, suggesting a function in growth (Coulibaly et al., 2014) . Ablation of the TrkB receptor in the oligodendroglial lineage disrupts myelination, and indirectly increases the density of OPCs (Wong et al., 2013) . As BDNF promotes the growth of OPCs (Vondran et al., 2010) and enhances OL differentiation (Du et al., 2006) , it is a strong therapeutic candidate for WM disease. Consistent with low levels of BDNF in relapsing-remitting multiple sclerosis (Azoulay et al., 2005) , BDNF was found to be critical for WM maintenance in demyelination (VonDran et al., 2011) . Interestingly, the anti-inflammatory agent being used in the treatment of multiple sclerosis, glatiramer acetate, not only has immunoregulatory properties, but also enhances the levels of BDNF in vivo (Aharoni et al., 2005) . Fingolimod, a new oral drug for multiple sclerosis, was shown to attenuate neurotoxicity (Doi et al., 2013) and improve symptoms in models of neurodegenerative disorders (Fukumoto et al., 2014) and Rett syndrome (Deogracias et al., 2012) . Its effects were associated with increased levels of BDNF (Deogracias et al., 2012; Doi et al., 2013) . These studies indicate the likelihood that approaches to elevate endogenous BDNF would benefit WM pathology. In an elegant study, Fulmer et al. found that BDNF levels could be stimulated with stereotaxic injections of the metabotropic glutamate receptor agonist trans-(1S,3R)-1-amino-1,3-cyclopentanedicarboxylic acid (ACPD) (Fulmer et al., 2014) . The effect turned out to be mediated by metabotropic glutamate receptors in astrocytes, and not in oligodendrocytes. Injection of ACPD into the corpus callosum after 4 weeks of cuprizone intoxication in mice increased BDNF, MBP, and MAG within 6 h. GFAPdirected genetic ablation of BDNF expression and coinjection of trkB-Fc abolished the beneficial effects of ACPD in vivo, indicating that astrocytic production of BDNF in response to ACPD enhances myelin recovery in chemical demyelination (Fulmer et al., 2014) .
In neonatal injury, direct intracerebroventricular injection of BDNF protects neurons from caspase-mediated cell death in a neonatal hypoxic-ischemia rat model of cerebral palsy through the ERK1/2 pathway, and attenuates tissue loss and memory impairment (Almli et al., 2000; Han and Holtzman, 2000) . Treatment with intraperitoneal humanin increased oligodendrogenesis and the levels of BDNF in a neonatal hypoxiaeischemia model, accompanied by axonal remyelination and reduced neurological deficit . Nuclear receptors, like thyroid hormone receptors, mediate protection by thyroxin. Thyroxin regulates developmental neurotrophin expression in the developing hippocampus (Luesse et al., 1998) , and has proved to be protective against WMI through BDNF in the immature brain (Hung et al., 2013) . BDNF-TrkB signaling that was attenuated following hypoxic ischemic injury at P7 was restored by 7,8-dihydroxyflavone, a new TrkB agonist that is permeable through the bloodebrain barrier (Jang et al., 2010) . T4, administered through i.p. injections at P7, P9 and P11 decreased astrocytosis and microgliosis, protecting preoligodendrocytes from apoptosis (Hung et al., 2013) . The protective effect of T4 on motor performance was inhibited by TrkB-Fc, blocking the activity of BDNF (Hung et al., 2013) . The approach of ACPD awaits testing in neonatal WMI. Additionally, based on the above observations, it would be interesting to determine whether other non-peptide treatments found to mediate neuroprotection and functional improvement also regulate BDNF expression through signaling cross-talk in models of neonatal and adult WM disease.
2.2.4. Nuclear receptor ligands 2.2.4.1. Thyroid hormone. The ability of the liganded thyroid hormone receptor to interact with the MBP promoter to activate expression (Farsetti et al., 1991) and promote OL maturation (Fernandez et al., 2004b) has rendered it a viable therapeutic strategy for adult and neonatal WM damage. Thyroid hormone shows therapeutic potential in a range of adult demyelinating models. Triiodothyronine (T3) and its prohormone, thyroxine (T4) have been used as therapeutic agents in models of WM damage. While cuprizone induced an upregulation of thyroid hormone receptor (THR) alpha, but not THRB, T3 treatment preferentially increased expression of THRB, suggesting that THRB responds to T3, and is important in the remyelination process (Franco et al., 2008) .
In a cuprizone-induced demyelination rat model, intranasal T3 treatment was found to increase MBPþ cells in the cerebral cortex (Silvestroff et al., 2012) and subcutaneous injection decreased the number of progenitor cells (Nestinþ), increased the numbers of mature OL (O4þ and CC1þ) cells and increased immunoreactivity for MBPþ and PLPþ in the corpus callosum (Franco et al., 2008) . In another cuprizone study, T3 treatment restored SHH and Olig2 in the SVZ to control levels but did not change SHH expression in the corpus callosum suggesting a role for SVZ cell proliferation, migration and maturation in the remyelination process (Franco et al., 2008) . T3 treatment in mice was also shown to improve clinical scores, decrease abnormal WM appearing in T-2 weighted images and myelin abnormalities, as well as increase the numbers of myelinated axons and proliferating OL progenitor cells in the recovery period, as long as 12 weeks after cuprizone withdrawal after chronic cuprizone demyelination for 12 weeks (Harsan et al., 2008) .
Intraventricular hemorrhage, a cause of WM damage in premature infants was found to decrease an activator of Thyroid hormone, deiodinase 2, and increase an inactivator of thyroid hormone, deiodinase 3 (Vose et al., 2013) . Intramuscular injection of T4, after glycerol-induced intraventricular hemorrhage in E29 rabbit pups was found to increase early OL lineage markers, Olig2 and Sox10 expression, increase OL proliferation and maturation as well as increase myelination and functional recovery (Vose et al., 2013) . T4 treatment was also found to increase the density of myelinating OL in a small study using pre-term human infants (Vose et al., 2013) . T4 administration at onset of symptoms in a chronic demyelinating EAE model of Lewis and DA rats increased PDGF-a R mRNA, RIP immunostaining and MBP RNA and protein expression in the spinal cord of both types of rats but only decreased the severity of relapse in Lewis, but not in DA rats (Fernandez et al., 2004a) . Subcutaneous injection with T3 in DA rats with EAE, however, was found to improve clinical score along with nerve conduction, as well as less myelin loss, and greater levels of neurofilament (NF-200) immunoreactivity (Dell'Acqua et al., 2012) . It is difficult to determine if the difference is due to variability inherent in the EAE model, or due to the form of thyroid hormone.
Because of the wide range of effects of thyroid hormone, concern that excess may cause adverse side effects has inspired a therapeutic strategy with a specific THRB1 agonist, GC1, in P7 mice, which increased the number of CC1þ cells, and protein expression of MBP, CNP, and MAG in the corpus callosum, occipital cortex and optic nerve (Baxi et al., 2014) but has not yet been tested in an injury model.
Retinoic acid.
It is well established that retinoic acid, like thyroid hormone, promotes the differentiation of OL progenitor cells and MBP gene expression (Barres et al., 1994a; Laeng et al., 1994; Noll and Miller, 1994; Pombo et al., 1999) . In addition, its promotion of glutathione synthesis and regulation of glutamate exchange indicates the capacity for protection from glutamate excitotoxicity (Crockett et al., 2011) . These properties of retinoic acid suggest applicability in remyelination and repair in CNS injury. 9cis retinoic acid is an RXR ligand, while all trans retinoic acid activates RARs. 9-cis retinoic acid and all trans retinoic acid both reduce infarct size in ischemia models (Choi et al., 2009; Shen et al., 2009) , and oral and subcutaneous administration of Am-80, a synthetic retinoid, increased expression of TrkB, the neurotrophin receptor and MBP, while reducing lesion cavity in a model of spinal cord injury (Takenaga et al., 2009 ). Retinoic acid receptor B activation inhibited Nogo receptor signaling and repression of LINGO resulting in increased neurite outgrowth in cerebellar cultures and in a model of axon regeneration (Puttagunta et al., 2011) . CD2019, an RAR beta2 agonist, also increased neurite outgrowth and axonal regeneration in a model of spinal cord injury (Agudo et al., 2010) . The RXRgamma agonist, 9cis retinoic acid, promoted OPC differentiation in vitro and increased the number of CC1þ OL cells and remeylinated axons in a focal demyelinating cerebellar lesion model in rats (Huang et al., 2011a) .
2.2.4.3. Progesterone. Clinical evidence indicates a protective effect of the sex steroids, estrogens and progesterone, in multiple sclerosis (Kipp et al., 2012a) , and a variety of CNS injury and disease models including demyelination (Deutsch et al., 2013) . Progesterone promotes neurogenesis in the cerebral cortex and hippocampus (Brinton et al., 2008; Wang et al., 2005) , and regulates OPC development and myelin formation in Schwann cells (MarinHusstege et al., 2004; Schumacher et al., 2001 ). The neuroprotective effects of progesterone in ischemia and traumatic brain injury may in part be mediated by its anti-inflammatory properties (Habib et al., 2014; Lei et al., 2014) and ability to preserve mitochondrial function (Robertson and Saraswati, 2015) respectively. In addition to inhibiting inflammatory mediators, progesterone has been found to influence OL cell response to CNS injury. Pretreatment with progesterone improved clinical signs of EAE in mice, increased the number of mature OLs (CC1þ), expression of myelin proteins PLP and MBP, myelination, and the density of precursor (NKx2.2þ and Olig1þ) cells (Garay, 2012) . Progesterone treatment also reduced the amount of demyelination caused by lysophosphatidylcholine in murine spinal cord, and increased both precursor (NG2þ) and mature OL (CC1þ) cells while decreasing macrophage/microglia cells markers (Ox-42þ and CD11bþ) (Garay et al., 2011) . While progesterone treatment in demyelination models caused by chemical toxin and inflammatory mediators increased precursor cells, only chronic progesterone (treatment 21 days) after spinal cord injury in rats decreased NG2þ proliferation and increased CC1þBRDUþ cells indicating OL maturation. In contrast, acute progesterone treatment (3 days) increased NG2þ (OPC) proliferation, but also inhibited astrocyte and microglia/ macrophage proliferation (Labombarda et al., 2011) .
In neonatal hypoxiaeischemia, i.p. injections of progesterone given prior to hypoxia led to reduced neuronal apoptosis and brain damage . The protective functions of progesterone in this model are diverse (Li et al., 2013b; Wang et al., 2014) , and may involve activation of PI3K/Akt and inhibition of GSK-3b . The effects of progesterone on the function of OPCs in neonatal WM injury, however, remain to be described in future studies.
Apo-transferrin
As a nutrient factor important for myelination, the necessity of iron is well established, but its role in oligodendrocyte biology is not yet well understood. Transferrin is an iron transport protein that is expressed in developing oligodendroglial cells (Connor and Fine, 1987) , and promotes the differentiation of OPCs, stimulating the expression of genes involved in myelinogenesis and OL membrane formation (Escobar Cabrera et al., 1994; Escobar Cabrera et al., 2000; Escobar Cabrera et al., 1997) . These actions of apotransferrin have been shown to target the cytoskeleton, and involve tyrosine kinase, protein kinase C and A, and calcium-calmodulin kinase (Marta et al., 2002) . The liganded transferrin receptor stimulates Fyn kinase and subsequent ERK1/2 phosphorylation, and receptor internalization activates Akt in cultured oligodendroglial cells (Perez et al., 2013) , thus signaling through pathways important for myelin formation (Guardiola-Diaz et al., 2012; Ishii et al., 2012) . Interestingly, it was recently found that thyroid hormone status determined transferrin expression in neonatal rats, i.e. hypothyroid rats showed decreased transferrin expression, with a less mature myelinating phenotype, while hyperthyroid animals showed upregulation of transferrin and myelination (Marziali et al., 2015) . Apotransferrin administration was unable to rescue the hypothyroid state in this study (Marziali et al., 2015) but hypomyelination induced by thyroid deficiency was alleviated in an earlier study by intracranial injection of apo-transferrin at postnatal age 3 days (P3) (Badaracco et al., 2008) . The difference in efficacy is not clear, and the answer may lie in the mechanism which regulates the contribution of transferrin to the effects of thyroid hormone. In euthyroid injury models, apotransferrin has been shown to be effective in mitigating WM damage. Intranasal apotransferrin treatment in a neonatal mouse model of hypoxiaeischemia decreased WM damage, reduced astrogliosis and increased both OPC proliferation and OL survival, and improved functional recovery (Guardia Clausi et al., 2012) . The combination of transferrin and IGF-1 was effective in reducing NMDA-induced excitotoxic injury and enhancing regeneration in the neonatal brain (Espinosa-Jeffrey et al., 2013) .
MS tissue has been found to be iron-rich with deposits in gray matter and in the vicinity of lesions, but is low in iron in normalappearing WM, and remaining low in remyelinated plaques (Hametner et al., 2013) . Consistent with the notion of iron depletion in MS, apotransferrin has been found to be effective in adult models of demyelination. In a rat lysolecithin demyelination model, apotransferrin injection increased MAG protein expression and remyelination, likely mediated by activating Notch (Aparicio et al., 2013) . Apotransferrin also reduced damage from EAE, by decreasing T cell production of Interleukin-2 (Saksida et al., 2013) , and accelerated remyelination after cuprizone withdrawal (Adamo et al., 2006) . It is thought that the dysregulation of the ratio of free to bound iron, and its localization and intercellular shuttling impacts the balance between iron-mediated toxicity and irondependent remyelination. Therefore, iron shuttling proteins like transferrin are an important consideration for therapy (Stephenson et al., 2014) .
Morphogens
Tissue regeneration, like development, involves processes that shape tissue and organ formation. The signaling mechanisms which orchestrate morphogenesis during development are also important modulators of cell growth, survival, migration, maturation, and remodeling in WM pathology. The expression of many morphogenic signals, such as Sonic Hedgehog (SHH), Wnt/wingless, bone morphogenetic proteins (BMP), and Notch, have been shown to be regulated in animal models of WM injury, and their pharmacological modulation alters the course of WM damage.
2.2.6.1. Sonic Hedgehog. The Hedgehog family of secreted proteins comprises Sonic (SHH), Indian (IHH) and Desert (DHH). These ligands bind the Patched receptor and cause subsequent derepression of Smoothened, leading to the transduction of positive signals, such as activation of GLI transcription factors (Ingham and McMahon, 2001; Murone et al., 1999) . Smoothened activity is modulated pharmacologically by the small molecule compounds cyclopamine, purmorphamine and Smoothened agonist (SAG). Since the initial discovery of Sonic Hedgehog, despite extensive characterization of its function as an inducer of ventral brain structures, OLs, and cerebellum (Kiecker and Lumsden, 2004; Lu et al., 2000) , its role in regeneration in the adult brain is only beginning to be revealed. In the adult brain, Sonic Hedgehog maintains neural stem cells in their neurogenic zones (Machold et al., 2003) , promotes precursor cell proliferation (Lai et al., 2003) and modulates the migration of precursors out of this zone (Angot et al., 2008) . Sonic Hedgehog is induced following brain injury and in demyelination (Amankulor et al., 2009; Wang et al., 2008) , and its inhibition by cyclopamine injected into the lateral ventricle aggravates ischemic brain damage (Ji et al., 2012) . Numerous studies have shown significant benefit of enhancing Hedgehog signaling in brain injury models. Indeed, in addition to neural cell regeneration, Sonic Hedgehog promotes protection from ischemic damage by enhancing angiogenesis, providing resistance against oxidative stress , and maintaining immune quiescence by defending the integrity of the blood brain barrier (Alvarez et al., 2011) . Injection of recombinant Sonic Hedgehog into demyelinated adult rat spinal cord increased the proliferation of neural precursor cells (Bambakidis et al., 2003) . After spinal cord contusion, injection of SHH also increased cell proliferation of transplanted OPCs, protected WM and improved axonal conduction and spinal cord function (Bambakidis and Miller, 2004) . In ischemic stroke, intrathecal administration of SHH improved behavioral function and stimulated neural precursor proliferation in the subventricular zone (Bambakidis and Onwuzulike, 2012) . Consistent with these findings, in spinal cord injury, lentiviral expression of Sonic Hedgehog and NT-3 increased myelination by OLs and Schwann cells respectively (Thomas et al., 2014) . The Smoothened agonist, purmorphamine, was found to be neuroprotective in a model of ischemic brain injury (Chechneva et al., 2014) . Sonic Hedgehog was both regenerative and neuroprotective in the lysolecithin focal demyelination paradigm, in which SHH or its peptide antagonist, Hedgehog interacting protein (Hhip) were expressed by adenovirus vectors (Ferent et al., 2013) . In these latter studies, it is unknown whether canonical or noncanonical Hedgehog signaling was mediating each of the beneficial effects of Hedgehog, in regeneration or protection.
Glucocorticoids are commonly used pre-and postnatally to prevent or treat lung and cardiovascular disease, which are lifethreatening conditions associated with preterm birth (Crowther et al., 2007; Miracle et al., 2008) . However, the use of immunosuppressant steroids dexamethasone, or mineralocorticoids have been reported to show side effects as well as impaired neurodevelopment (Doyle et al., 2014) . Animal studies have shown that glucocorticoids, especially repeated administration of dexamethasone, adversely affect myelination of the developing brain (Zia et al., 2015) . Despite mixed reports of improvement in myelination in models of lipopolysaccharide-induced perinatal brain injury (Pang et al., 2012) it is now widely accepted that the risks of cerebellar and WM damage by glucocorticoids during critical periods of brain development may outweigh its benefits on immunosuppression. In addition to well-established cerebellar neuron changes by dexamethasone, recent studies have described degenerative, apoptotic, morphological changes in OPC, and loss of pre-OLs, leading to hypomyelination (Kim et al., 2013) . In fact, high sublethal glucocorticoid/prenisolone dosing has been used as an animal model of perinatal cerebellar injury (Aden et al., 2008; Noguchi et al., 2011 Noguchi et al., , 2008 that is relevant to cerebellar damage of the premature infant (Bodensteiner and Johnsen, 2005; Volpe, 2009 ).
Hedgehog signaling is critical for cerebellar development (Dahmane and Ruiz i Altaba, 1999; Wechsler-Reya and Scott, 1999) . In the neonatal brain, systemic administration of the Smoothened analog (SAG) and transgenic Smoothened activation resulted in improved granule neuron generation and cerebellar granule neuron progenitor proliferation in a glucocorticoid injury model, in which chronic glucocorticoid treatment in the first postnatal week inhibits cerebellar growth (Heine et al., 2011) . The antagonism of glucocorticoid effects was mediated by the induction of 11beta-hydroxysteroid dehydrogenase type 2 (11beta-HSD2) (Holmes et al., 2006) by Smoothened activation (Heine et al., 2011; Heine and Rowitch, 2009) . It is, however presently unknown whether a similar approach with SAG would attenuate WM changes in the developing corpus callosum following perinatal hypoxic injury, although caution is warranted due to the documented effect of Hh in tumorigenesis (Gulino et al., 2007) and surprising decreased functional outcome in stem cell therapy for hypoxiaeischemia (van Velthoven et al., 2014) .
2.2.6.2. Wnt signaling. Like Hedgehog, the Wnt signaling pathway comprises a family of secreted ligands which activate canonical and non-canonical signaling cascades to regulate diverse cellular functions in neural cell development. Canonical signaling is mediated by beta-catenin, while non-canonical Wnt signaling involves beta-catenin-independent pathways, such as planar cell polarity and ROR receptors (Gao and Chen, 2010; van Amerongen, 2012) . Canonical Wnt signaling has been implicated in neurogenesis (Coyle-Rink et al., 2002) and neuronal cell survival. Injection of Bcl-2 expression plasmids into the lateral ventricle increases strokeinduced striatal neurogenesis in adult brains by activation of beta-catenin signaling (Lei et al., 2012) . However, the emerging roles for beta-catenin expression in OPCs in development and injury appear complex. Beta-catenin in OPCs mediates glial scarring and inhibition of axonal regeneration in traumatic brain injury (Rodriguez et al., 2014) . Canonical Wnt/beta-catenin was previously identified as a signal which promotes stem and progenitor cell proliferation (Kalani et al., 2008) and which inhibits OPC development (Feigenson et al., 2009; Shimizu et al., 2005) . Wnt inhibition with a tankyrase inhibitor XAV939 improved remyelination in focal WM injury as well as in neonatal cerebellar slices following hypoxia injury (Fancy et al., 2011) , supporting an inhibitory function of beta-catenin in OPC maturation. In addition, elevated Wnt signaling was also found in neonatal WM injury (Fancy et al., 2014) . Current studies indicate however, that the effect of canonical Wnt signaling in the development of the OL lineage is not as simple as previously thought. An unexpected, positive regulatory function in OPC formation as well as maturation was recently demonstrated in vivo by genetic ablation (Dai et al., 2014) . Lithium chloride, which activates beta-catenin and which is already being used to treat neurological disease such as bipolar mood disorder (Chuang, 2004 (Chuang, , 2005 based on its anti-apoptotic effects (Beural and Jope, 2006) , was recently found to promote the expression of myelin genes in OLs in culture (Meffre et al., 2015) . It should be noted that the effects of LiCl and beta-catenin (Meffre et al., 2014) on terminal OL differentiation are not identical, because of the specific involvement of Akt/CREB activation with lithium that overcomes the inhibitory effect of Wnt on terminal OPC differentiation (Azim and Butt, 2011) . LiCl has been effective in promoting protection in EAE and remyelination of sciatic nerves (De Sarno et al., 2008; Makoukji et al., 2012) .
There is also evidence for neuroprotective effects of Wnt/betacatenin in the neonatal brain. Lithium chloride attenuated neuronal damage in neonatal hypoxiaeischemia (Shin et al., 2012) and was used to reverse glucocorticoid-induced apoptosis in the developing cerebellum (Cabrera et al., 2014) . Given that neonatal WM injury was found to be associated with elevated Wnt signaling (Fancy et al., 2014) , without further studies to examine its regenerative effects independent of its anti-inflammatory properties, it would be difficult to predict the outcome of pharmacological Wnt/ beta-catenin modulation on OL development in neonatal brain injury.
2.2.6.3. Bone morphogenetic proteins (BMP). Bone morphogenetic proteins, originally identified for their function in bone growth, belong to the Transforming Growth factor-beta family of secreted proteins that direct patterning in multiple organ systems, including the specification of neuronal and glial cells in the early nervous system. Traumatic injury to the adult brain and spinal cord upregulates the expression of multiple BMP proteins and their antagonist Noggin (Hampton et al., 2007) . Dysregulated expression of BMP and its antagonists Noggin, (Urshansky et al., 2011a) and Follistatin (Urshansky et al., 2011b) have also been reported in relapsing/remitting multiple sclerosis.
BMPs may have both neuroprotective and neuroregenerative properties (Cox et al., 2004; Yabe et al., 2002 ). Many studies have described the beneficial effects of exogenous treatment with BMP7/ Osteogenic protein-1 (OP-1), by i.p. injection or intracerebral administration (Lin et al., 1999; Perides et al., 1995; Wang et al., 2001) in attenuating damage after stroke/ischemia in animal models. Interestingly, 9-cis retinoic acid alleviates damage in a transient focal ischemia model through BMP7 (Shen et al., 2009 ). However, BMP4 and BMP7 elevation in demyelinated spinal cord lesions mediates the gliotic response of astrocytes (Fuller et al., 2007) , a phenomenon associated with persistent demyelination (Anderson et al., 2008; Skripuletz et al., 2010) that is now known to inhibit OL differentiation (Nicolay et al., 2007; Wang et al., 2011) . BMP4 is upregulated in lesions of the corpus callosum after cuprizone demyelination (Cate et al., 2010) . BMP4 inhibition by intraventricular infusion of Noggin during cuprizone challenge (Cate et al., 2010) or infusion of Chordin after lysolecithin demyelination increases the generation of Olig2þ oligodendroglia from the SVZ (Jablonska et al., 2010) . In a model of ischemic brain injury, Noggin infusion not only decreased the glial scar, but was also shown to induce alternative activation of microglia, i.e. from M1 to M2, which demonstrates an additional function supportive of tissue repair and remodeling (Shin et al., 2014) .
The treatment of developmental brain injury with recombinant Noggin has also produced positive results with regard to oligodendroglia. In intraventricular hemorrhage injury of the immature brain (Dummula et al., 2011 ) which leads to a loss of OLs through cell death and reduced proliferation and maturation of OPCs, intraventricular infusion of Noggin resulted in reduced gliosis, restoration of Olig2þ development and enhanced OPC maturation within the first two postnatal weeks. These effects of Noggin infusion in the adult and developing brain are further supported by the transgenic overexpression of Noggin in the observation of smaller infarct volumes, increased OPC response and motor recovery following ischemia (Samanta et al., 2010) and perinatal hypoxiaeischemia (Dizon et al., 2011) . Consistent with the findings with recombinant Noggin in the adult (Cate et al., 2010) , the increased population of Olig2þ cells in the Noggin transgenic mouse did not arise from proliferation but instead from nascent induction of precursor cells (Dizon et al., 2011) .
2.2.6.4. Notch. Notch is an important developmental pathway for neural stem cell regulation, neural precursor fate determination, development and brain plasticity (Louvi and Artavanis-Tsakonas, 2006; Yoon and Gaiano, 2005) . Notch signaling is initiated by the direct interaction of cell surface Notch receptors with cognate ligands, Jagged1,2, or Delta 1,3,4 expressed on adjacent cells. This causes the Notch receptor to undergo two proteolytic cleavage events, mediated sequentially by ADAM metalloprotease and gamma-secretase. The latter releases the intracellular Notch receptor Intracellular Domain (NICD) in the signal receiving cell, allowing NICD translocation to the nucleus where it activates target gene transcription with a coactivator CSL complex (Andersson et al., 2011) . Notch signaling is activated with the gliogenic response of the adult subventricular zone to traumatic brain injury (Givogri et al., 2006) . Abnormal Notch expression levels have been documented in disease, including Down's syndrome, Alzheimer's disease (Fischer et al., 2005; Veeraraghavalu et al., 2010) and multiple sclerosis (John et al., 2002) . The Notch pathway inhibits OL differentiation (Wang et al., 1998) , as well as myelination (Givogri et al., 2002) , and despite the contribution of F3/contactin ligands which favor OL generation and maturation, the outcome of Notch1 ablation in OPCs results in premature OL differentiation, indicating a net inhibitory function (Genoud et al., 2002) . Although Notch1 is expressed in ethidium-bromide-induced demyelinated lesions of the trigeminal tract (Stidworthy et al., 2004) , surprisingly the oligodendroglial-specific ablation of Notch showed that the rate of remyelination after cuprizone was not altered (Stidworthy et al., 2004) , indicating that this was not the rate-determining step. Interestingly, other treatments which benefit remyelination, such as apotransferrin (Aparicio et al., 2013) , instead activated Notch signaling during its promotion of remyelination, and the gamma secretase inhibitor DAPT abolished apotransferin-induced promyelination effects. This indicates a positive regulatory role for Notch in remyelination in the focal demyelination paradigm using lysolecithin.
Nonetheless, because of its widespread expression, Notch remains an important determinant in the outcome of WM pathology. Reactive astrocytes upregulate endothelin-1 in WM lesions, which activates Notch signaling via inducing Jagged1 . Inhibiting endothelin-1 prevented Notch signaling and restored remyelination by OPCs ). An earlier study analyzed the effect of a pharmacologic inhibitor of gammasecretase, MW167, that was administered by a post-immunization intraventricular injection in an EAE demyelination model (Jurynczyk et al., 2005) . The rate of recovery assessed by clinical score was dependent on the dose of MW167, apparent within 3 days after treatment. This was accompanied by enhanced myelin repair based on histopathology with OL markers, reduced inflammatory response and significantly less nerve fiber damage (Wallerian degeneration), without remarkable glial scarring (Jurynczyk et al., 2005) . The effect of MW167 on NICD levels, when analyzed in cultured OLs and ex vivo, confirmed the activity of MW167 against Notch activation. Notch signaling is critical to the function of immune cells, including the differentiation of T helper cells and the Th1 response. Pretreatment with the gamma secretase inhibitor LY-411575 reduced clinical symptoms in another study with EAE (Minter et al., 2005) , where T helper polarization to Th1 subset was inhibited, along with Th1-mediated autoimmunity. The protective effect of Notch attenuation is not specific to OLs, as neuronal maturation in the hippocampus is also enhanced by intraventricular administration of the gamma-secretase inhibitor S2188 after ischemic injury (Oya et al., 2009) .
In neonatal brain injury, recent evidence now implicates Notch in hypoxia-induced inflammatory damage (Yao et al., 2013) . Pretreatment with i.p. injection of the gamma secretase inhibitor DAPT before hypoxia in P1 rats, prevented NICD expression in cerebral microglia and concomitant NF-kappaB activation. In primary cultured microglia, the induction of NICD is associated with NFkappaB activation, and the expression of NF-kB and cytokines were blocked with DAPT (Yao et al., 2013) . Further studies will be needed to determine the effect of DAPT on attenuation of neural cell damage in this neonatal model.
Thymosin beta-4
Thymosin is a small thymus-derived, actin-binding peptide with wide-ranging pleiotropy in the repair of multiple tissue types. Its release by cells during injury reduces damage by limiting cell apoptosis and inflammation, in addition to controlling scar formation, promoting cell migration through binding of G-actin monomers, and promoting progenitor cell differentiation and subsequent angiogenesis and tissue remodeling in wound healing Treadwell et al., 2012) . It has been shown to be neuroprotective in a number of adult rodent injury models, including embolic stroke (Morris et al., 2010) , traumatic brain contusion injury (Xiong et al., 2012a) , and EAE demyelination (Zhang et al., 2009) . Thymosin beta-4, when administered intraperitonally post-injury (Morris et al., 2010; Xiong et al., 2012a) or simultaneously with PLP-immunization during EAE (Zhang et al., 2009) , showed improvement in clinical scores. At the cellular level, treatment with thymosin beta-4 stimulated OPC proliferation, and promoted their maturation to CNPþ OLs, as detected by BrdU labeling. This increase in oligodendrogenesis is observed not only in SVZ and WM, but also CA3 of the hippocampus. Thymosin beta-4 stimulates OPC development by modulating p38MAP kinase signaling (Chew et al., 2010; Fragoso et al., 2007; Haines et al., 2007; Santra et al., 2012) , possibly mediated by its upregulation of microRNA-146a (Santra et al., 2014) . Its efficacy in neonatal brain injury however remains unknown, but with promising evidence for clinical trials in the treatment of various wounds , findings from upcoming experiments applying thymosin beta-4 in developmental WM injury models will no doubt be eagerly awaited.
Conclusions and closing comments
A diverse array of injury models produces WM damage in experimental rodents. Intrinsic differences in these models may impact the observed efficacy of the pharmacologic agents. The age of the experimental animals affects the level of inhibitory factors in WM and the proliferative response of the germinal zones that generate neural precursors that populate the WM, e.g. SVZ, thereby modulating remyelination and repair (McGinn et al., 2012; Shen et al., 2008; Tang et al., 2009) . Furthermore, the delivery route and dosing regimen, as well as intrinsic differences amongst EAE models themselves are also a source of variability. Many pharmacological treatments which target the growth, survival and/or maturation of precursor cells and OPCs, such as EGF, IGF, BDNF, thyroid hormone and apotransferrin, show beneficial effects in both neonatal and adult brain injury and demyelination. The group of peptide factors, in particular, presents great promise. Much work has been done to evaluate the efficacy of IGF, EGF, and bFGF to treat WM damage, revealing potential, but also considerable barriers to effective treatment. Of these, IGF treatment in neonatal injury models provides one of the most consistent effects, by promoting oligodendrocyte differentiation and survival. Its action, however, is dependent on the activation and recruitment of endogenous cells migrating from germinal regions such as the subventricular zone to the injury site. The effect of EGF in demyelinating adult rodent models is also due in large part to proliferation and migration of multipotent adult stem cells from the subventricular zone to the site of injury. Similar to IGF, EGF administration has been shown to promote OL differentiation and survival in neonatal WM injury models. Although bFGF has neuroprotective effects, and promotes proliferation of progenitor and stem cells, its reported inhibition of terminal differentiation of oligodendrocytes with decreased remyelination in adult injury models, and disrupted myelination in neonatal models make bFGF a less favored WM therapeutic strategy.
NT-3 and BDNF stand out among peptide neurotrophins in consistently promoting oligodendrocyte differentiation and survival across various injury models. Potentially, temporal and spatial distribution of TrkC and TrkB receptors during development and injury, as well as the differential expression of the trophic factors, are critical for oligodendrocyte survival, differentiation and myelination. The importance of both trophic factors, whose individual effects overlap, is evident from the numerous adult and neonatal injury models that benefit from NT-3 and BDNF treatment. It is possible that an additional advantage of neurotrophins arises in part from their ability to modulate the pathological effects of inflammation to provide neuroprotection (Jiang et al., , 2010 Yang et al., 2014) . Furthermore, advances in delivery options through gene modifications and stem cell transplantation provide even more opportunities for these trophic factors to be incorporated into treatment paradigms in WM disease.
It is noticeable that few or no neonatal WM studies showing the effects of BDNF, NT-3, Thymosin beta-4 and RAR/RXR agonists have been reported, although the reasons for this are unclear. Risk of teratogenicity with retinoid derivatives may well have limited their use in developmental brain injury; nonetheless there is some discussion regarding potential therapeutic benefit for autism spectrum disorders (Ebstein et al., 2011) , indicating ongoing interest in understanding the uterine conditions which alter isoform levels and balance in the fetus (Goldberg, 2011) and the sensitivity of the developing brain to retinoid effects which impact neural cell maturation and functional plasticity.
Although neonatal and adult pathologies are often considered in isolation, a relationship between neonatal events and adult risk should also be recognized. Neonatal exposure to dexamethasone increases susceptibility to autoimmune disease in the adult (Bakker et al., 2000) . The long-term neurological outcome of the neonate is also determined by the extent of infant immaturity and multiple maternal influences (Knuesel et al., 2014 ) that often complicate therapeutic strategies. Increased understanding of the etiological bases of these WM pathologies will facilitate the search for safe, effective, and minimally invasive forms of intervention. Taken together, these studies indicate that pharmacological approaches with biofactors and small molecule modulators constitute a viable avenue for therapy that will require further investigation and due consideration together with other cell-based procedures, in order to provide favorable conditions for neuroprotection, immunomodulation and cellular regeneration.
